Since it was cloned 25 years ago, there has been much emphasis on determining the role of the retinoblastoma tumor suppressor gene (RB) in controlling the G1-S transition during cell cycle progression. The RB protein and its family members, p107 and p130, are components of a pathway that mediates cellular responses to a variety of signals by controlling the activity of E2F transcription factors and the expression of their target genes during cell cycle progression. In normal conditions, RB family members are inhibited by cyclin-dependent kinase (CDK) complexes in response to growth factors. Cyclin-CDK complexes are themselves inhibited by small cell cycle inhibitors of the p16
Introduction
Since it was cloned 25 years ago, there has been much emphasis on determining the role of the retinoblastoma tumor suppressor gene (RB) in controlling the G1-S transition during cell cycle progression. The RB protein and its family members, p107 and p130, are components of a pathway that mediates cellular responses to a variety of signals by controlling the activity of E2F transcription factors and the expression of their target genes during cell cycle progression. In normal conditions, RB family members are inhibited by cyclin-dependent kinase (CDK) complexes in response to growth factors. Cyclin-CDK complexes are themselves inhibited by small cell cycle inhibitors of the p16
INK4a and p21 CIP1 families under cytostatic conditions. Events (e.g. mutation, promoter methylation, overexpression) that inhibit the function of RB family members (directly, or indirectly via alteration of upstream components) reduce their ability to regulate E2F transcription factors and can contribute to cancer development (see 'RB pathway' section of the poster) (Burkhart and Sage, 2008) . Additional lines of research have described multiple roles for RB family proteins in tumor initiation and progression, beyond cell cycle regulation and interactions with E2F transcription factors (Chinnam and Goodrich, 2011; Knudsen and Knudsen, 2008) . In this article and the accompanying poster, we review recent evidence indicating that RB acts as a molecular adaptor at the crossroads of multiple pathways, depending on the cellular context. We also discuss the idea that intact RB function might in some cases promote the early steps of tumorigenesis, a provocative possibility for the firstidentified tumor suppressor.
The RB pathway in cancer
Mutations targeting the RB pathway are almost universal in cancer, but different components of this pathway are selectively affected in distinct cancer types (see 'RB mutations in human cancers' section of the poster). Events that affect upstream members of the pathway (e.g. methylation of the INK4a promoter or amplification of CDK genes) lead to the concomitant inactivation of the three RB family members and are often sufficient to induce uncontrolled cellular proliferation. In contrast to p107 and p130, which are seldom mutated in human cancers, the RB gene is inactivated in most cases of retinoblastoma, osteosarcoma and small cell lung cancer (SCLC), as well as at a lower frequency in other types of cancer. This discrepancy among RB family members indicates that RB possesses tumor suppressor functions that are not shared with p130 and p107 (Burkhart and Sage, 2008; Knudsen and Knudsen, 2008 ) (see 'RB pathway' section of the poster).
Recent insights into the molecular mechanisms of tumor suppression by RB The RB protein as an adaptor RB can suppress cancer development through its interactions with more than 100 partners, including the E2F family of transcription factors, lineage-specific transcription factors, DNA-modifying enzymes and members of chromatin remodeling complexes (Chinnam and Goodrich, 2011) . The vast majority of these interactions involve the C-terminal portion of RB (which also serves as the docking site for E2F), but the N-terminal part of RB might also be involved in inhibiting E2F transactivation ability (Burke et al., 2010) , and recent data in Drosophila have shown that binding partners that interact with the N-terminal portion of RB are involved in the control of DNA replication (Ahlander et al., 2008) (see 'RB domains of interaction' section of the poster). However, the role of the N-terminal part of RB in tumor suppression is still unclear (Riley et al., 1997; Yang et al., 2002) .
Preserving RB functions to promote tumorigenesis
RB mutations often occur late during tumor progression (with some major exceptions, such as retinoblastoma and SCLC), raising the possibility that tumor cells initially preserve RB function to gain a competitive advantage. Indeed, loss of RB function can lead to an increase in cell death, which is mediated by the transcriptional activity of E2F1. The fact that E2F1 activates ARF, which acts
The retinoblastoma (RB) tumor suppressor belongs to a cellular pathway that plays a crucial role in restricting the G1-S transition of the cell cycle in response to a large number of extracellular and intracellular cues. Research in the last decade has highlighted the complexity of regulatory networks that ensure proper cell cycle progression, and has also identified multiple cellular functions beyond cell cycle regulation for RB and its two family members, p107 and p130. Here we review some of the recent evidence pointing to a role of RB as a molecular adaptor at the crossroads of multiple pathways, ensuring cellular homeostasis in different contexts. In particular, we discuss the pro-and antitumorigenic roles of RB during the early stages of cancer, as well as the importance of the RB pathway in stem cells and cell fate decisions.
upstream of p53 to suppress tumor development, connects the RB and p53 pathways (Aslanian et al., 2004; ) and might partially explain why loss of p53 function is frequent in RBdeficient tumors. Another recently uncovered potential mechanism by which RB might prevent cell death is the increased production of reactive oxygen species (ROS) in RB-deficient cells, which leads to autophagy in cells that are also deficient for the tumor suppressor tuberous sclerosis 2 (TSC2) (Chicas et al., 2010; Ciavarra and Zacksenhaus, 2010; Ciavarra and Zacksenhaus, 2011) . Why some cell types respond to loss of RB by triggering cell death programs whereas others do not is still unknown. Nevertheless, cells in which loss of RB function induces death might benefit from an active RB protein at least until they have mutated other components of the cell death machinery (see 'RB mutations in human cancers' and 'Molecular effectors of RB activity' sections of the poster). Interestingly, RB function is nearly always preserved in colorectal cancer and the RB locus is even sometimes amplified in this cancer type. It is thought that, in colorectal cancer cells, RB promotes tumor development by preventing the inhibition of -catenin transcription by E2F1 (Firestein et al., 2008; Morris et al., 2008) . This idea that RB might be oncogenic in some contexts is substantiated by data in mice indicating that expression of a constitutively active form of RB in the mammary epithelium can promote cancer development (Jiang and Zacksenhaus, 2002) . Similarly, loss of function of E2F1, a major mediator of RB action in cells, can also cause tumors (Field et al., 1996; Yamasaki et al., 1996) .
Molecular effectors of RB activity

Mitochondrial biogenesis
Recent evidence indicates that RB normally controls mitochondrial biogenesis. In particular, loss of RB function in erythrocytes is associated with impaired erythropoiesis because of mitochondrial defects; although the mechanisms underlying these observations are not completely clear, they might in part involve the transcription factor and RB interactor RB-binding protein 2 (RBP2) (Lopez-Bigas et al., 2008; Sankaran et al., 2008) .
Control of cell cycle progression and modulation of chromatin structure
Quiescence is defined as a reversible cell cycle arrest state; by contrast, senescence is defined as a permanent cell cycle arrest associated with changes in chromatin structure (Narita et al., 2003) and is thought to be a potent tumor suppressor mechanism. RB interacts with and controls the activity of several regulators of chromatin structure (Blais and Dynlacht, 2007) , including DNMT1 (Robertson et al., 2000) . Recent data in human fibroblasts have shown that RB, p130 and p107 can all inhibit the expression of E2F target genes involved in quiescence but that RB specifically controls the transcription of E2F target genes involved in the regulation of cellular senescence; in particular, activation of cyclin E1 upon loss of RB seems to be crucial to bypass senescence (Chicas et al., 2010) . p130 (and maybe p107) might also control local chromatin changes during quiescence and senescence via its interactions with members of the DREAM (DP, RB, E2F and MuvB) complex (Litovchick et al., 2011; Tschop et al., 2011) . The RB family also regulates overall chromosomal stability by controlling the loading onto chromatin of members of the cohesin and condensin complexes, both of which are important for mitosis (Sage and Straight, 2010) .
Lineage-specific transcription factors
Physiological roles of RB during differentiation include interactions with lineage-specific transcription factors, such PU.1 and Id2 (which are required for erythroid development), Runx2 (bone development), MyoD (muscle development) or Pdx1 (pancreas development) (Chinnam and Goodrich, 2011; Kim et al., 2011) . Interestingly, these interactions might also play a role during tumorigenesis. For instance, osteosarcoma is characterized by inactivation of both p53 and RB, with loss of p53 function being required for the initiation of the disease in mice. In this context, RB controls the type of tumor formed in p53 mutant mesenchymal progenitors by controlling the fate of these cells: the presence of one copy of the Rb gene in mice leads to osteosarcoma via interactions between RB and Runx2, whereas loss of both Rb alleles leads to the increased expression of PPAR, which favors the development of hibernomas (fat cell tumors) (Calo et al., 2010; Walkley et al., 2008) .
RB and E2F: roles in cancer beyond the control of cell cycle
Recent data have shown that loss of RB in prostate cancer is crucial for the progression of the disease. Whereas RB function seems to be intact in the early stages of prostate cancer, RB inactivation in later stages allows E2F1 to activate the transcription of the gene encoding the androgen receptor (AR), whose functions are essential for tumor progression and metastasis (Sharma et al., 2010) .
Cellular mechanisms of tumor suppression by RB
The identification of the cell of origin is an important issue in the cancer field (Visvader, 2011) . An attractive view is that tumors are derived from stem cells or progenitor cells. Self-renewing stem cells and progenitor cells have an intrinsic proliferation potential that can readily become unlimited if these cells acquire new tumorigenic mutations. An alternative to this model is that tumors arise from post-mitotic, differentiated cells. In this scenario, the initial cancercausing alteration might result in dedifferentiation and reacquisition of self-renewal and proliferative capacity. RB plays a crucial role in the control of both cell cycle progression and differentiation, and loss of RB function, in theory, could play an essential role in cancer initiation, both by allowing the expansion of stem cells or progenitor cells and by inducing the reversal of differentiated cells into cancer stem cells. Data from different mouse models suggest that there can be wide variation in the pattern and incidence of cancer initiation in various cell types, tissues and organs upon loss of RB function (see the 'Mouse models of cancer initiation upon Rb inactivation' section of the poster, and specific examples and references below).
Can tumors initiate in differentiated populations following loss of RB function?
In the inner ear, loss of RB results in cell cycle re-entry without affecting the differentiation status of these cells (Sage et al., 2005) . Similarly, combined inactivation of RB and the cell cycle regulator ARF in differentiated muscle cells is sufficient to induce cell cycle re-entry and partial dedifferentiation (Pajcini et al., 2010) . These observations suggest that RB loss potentially initiates tumor
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Tumor suppression by RB AT A GLANCE development by triggering cell cycle re-entry of post-mitotic cells, at least in specific contexts. Indeed, loss of RB cooperates with a genotoxic carcinogen to initiate liver cancer development from hepatocytes (Reed et al., 2009 ). In addition, evidence from RB family mutant mice indicate that retinoblastoma might arise from fully differentiated retinal cells that had previously exited the cell cycle (Ajioka et al., 2007) . However, the identity of the cell(s) of origin of retinoblastoma is still an open question and strong evidence also indicates that retinoblastoma might arise from progenitors or precursors in the retina (Macpherson, 2008; Xu et al., 2009) . Finally, recent evidence of the emerging role of RB in embryonic cells and during cellular reprogramming supports the possibility that differentiated cells become transformed upon loss of RB function (Conklin and Sage, 2009; Li et al., 2010) .
RB suppresses cancer in stem and/or progenitor cells
Given that the chromatin of stem cells is more plastic than that of differentiated cells, stem cells might be more sensitive to RB loss, owing to the capacity of RB to modulate chromatin (Chinnam and Goodrich, 2011) . Research performed in Arabidopsis thaliana, in which there is only one member of the RB family, shows that RB inactivation prevents differentiation and leads to an expansion of the stem cell pool, suggesting that RB loss induces uncontrolled proliferation without decreasing self-renewing capacity (Chen, Z. et al., 2009) . Recent data obtained in mouse models of osteosarcoma also indicate that different types of progenitors, uncommitted or committed, can serve as tumor-initiating cells (Choi et al., 2010) . In a mouse model of breast cancer that is initiated through conditional deletion of Rb in the mammary epithelium, Jiang and colleagues showed that Rb inactivation in bipotential progenitors, but not in downstream committed progenitors, is sufficient to induce tumor growth. Interestingly, in this case, it is p53 status that dictates the type of tumor that develops (Jiang et al., 2010) . Similar studies in a mouse model of pituitary adenoma showed that loss of RB in different types of progenitor cells induces tumor formation, although the latency was much shorter when Rb was inactivated in early versus late progenitor cells (Hosoyama et al., 2010) . In these examples, inactivation of RB is sufficient to induce uncontrolled proliferation in stem or progenitor cell populations. This is in contrast to what has been observed for stem cells in other compartments, such as in the hematopoietic system, where RB inactivation does not lead to cell cycle entry and does not initiate cancer (Daria et al., 2008; Walkley et al., 2007) unless p107 and p130 are also inactivated (Viatour et al., 2008) . Clearly, different mechanisms exist in different populations of stem cells and progenitors to ensure the maintenance of quiescence and the control of the cell cycle.
Perspectives
For a long time, RB has been viewed as 'just' a regulator of cell cycle progression. However, recent observations indicate that RB functions in multiple pathways and biological processes that are deregulated during tumor initiation and progression. RB, similarly to a puppet master, coordinates multiple cellular functions in a large variety of contexts, and its inactivation therefore goes beyond the simple inactivation of a red light on the road to anarchic proliferation. Mouse models in which Rb or RB family proteins are deleted suggest that stem and progenitor cells are particularly sensitive to loss of RB function. However, we still do not understand why loss of RB function leads to cell cycle re-entry in only specific cell populations, highlighting the need for more basic cell cycle research. In particular, future experiments should seek to identify factors that can selectively compensate for loss of RB during cell cycle progression, beyond the well-established compensatory roles of p107 and p130. Furthermore, (re)acquisition or conservation of self-renewal is a key aspect of cancer initiation, but we only have a very limited understanding of how RB can regulate both cell cycle progression and self-renewal activity. Clearly, these last years of research in the RB field have revealed that the picture is more complicated than initially appreciated. It is now evident that RB is central to multiple facets of cancer development, and that a better understanding of RB activity in cells will continue to provide fundamental insights into the biology of cancer.
